Constitutive equations based on the "One Internal Variable Model" proposed by Kocks, Mecking and Estrin are formulated to describe the inelastic deformation of precipitation hardened alloys at high temperatures. The evolution of the dislocation mean free path as determined by the spacing of precipitated carbides is included. The constitutive description is extended to include the kinetics of nucleation and ripening of carbides. Data for Alloy 800H are used to verify the quality of modelling the incorporation of the time dependent evolution of second phase carbides.
Introduction
The constitutive equations used in this work represent an extension of the unified constitutive models in which the dislocation density plays the role of an internal variable accounting for the microstructure of crystalline materials. As the development of the model is described in more detail elsewhere /1,2,3/, only the main features will be given here. (2) σ and the dislocation density ρ was found in numerous studies and can be considered to be well established /5,6/.
An evolution equation for the microstructure represented by the dislocation density was derived by considering two concurrent processes which determine the variation of ρ, viz.
strain hardening and dynamic recovery. Hardening is associated with immobilisation and storage of dislocations at impenetrable obstacles and can be expressed in terms of the mean free path for dislocation glide. Dynamic recovery is associated with dislocation annihilation involving cross-slip of screw or climb of edge dislocations. Inclusion of dynamic recovery in the evolution equation with respect to inelastic strain ε results in a negative term linear in ρ.
Using a linear superposition of the dislocation storage terms stemming from dislocationrelated and "geometric" obstacles results in the following hybrid version of the evolution 
Extension of the model
Following earlier suggestions /12/ a modification of the original hybrid version is presented in order to allow application to materials whose mechanical behaviour is influenced by the precipitation of second phase particles. This is achieved by considering the geometric obstacle 
and a s is the steady state value of the stress obtained by formally equating to zero the righthand side of equation (6) /11,14/:
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The parameter ρ implements a superposition of both strain hardening mechanisms considered and determines their relative contributions. For calculations ρ is set to a definite value between 0 and 1. For convenience, the distance Dyf v ,r) is normalised by a reference mean free path L a related to the grain size as for the material under consideration the carbides migrate by diffusion processes from the grain interiors to the grain boundaries for long exposing times /15,16/. Then the grain interiors become carbide-free and only the grain boundaries covered by carbides act as effective geometric obstacles for the dislocation motion.
The grain size can be considered constant (in this case L a = 70 pm /14/) as grain growth or recrystallisation are not expected to take place in the temperature range considered. The normalising stress σ η in equation (8) is related to an initial dislocation density p () :
Now, for a given set of parameter values (σ 0 , ρ, έ 0η , s 0m , η, m) equation (8) gives the steady state stresses at various constant strain rates while equation (6) (6)), its integration was performed numerically /14,17/. The function ΰ(/ ν ,r) requires input from electron microscopy to be specified for integration to be performed.
Application of the extended model
Data for Alloy 800H were used for a first application of the extended model. Microstructural analysis of the material at 800°C /18/ was used as guiding data for calculating the particle spacing D[f y ,F) with reasonable degree of accuracy . The result of a calculation of a particle spacing variation is shown in Figure 1 , but it should be considered as indicative only, as a more precise identification of the parameters needed for the calculation of D\f y ,r) was not possible with the limited data available. 
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Tensile test data for 800°C from the database of the Research Centre Jülich were used to illustrate the predictive capability of the model. The following values were derived for the model parameters by fitting the model to a family of experimental stress-strain curves of solution treated specimens: m= 14, n= 6.8, ρ =0.90, έ 0ηι = 5xl0~2s"l, έ 0η = 1 s~l, σ 0 = 54 MPa. Both experimental data and the calculated curves are shown in Figure 2 . To account for the fact that the time it took to heat the specimens to 800°C prior to the tensile test was 3h on average, the calculations shown start with an initial distance between particles corresponding to a non-zero time (lh in this case). As can be seen from Figure 2 , particle nucleation which accelerates the stress increase and particle ripening which causes softening do not produce a peak stress for the material under consideration. For the temperature range chosen the tensile tests lasted not long enough to allow the ripening process to be continued to an extent that the shape of the stress-strain curves would be influenced in a more pronounced way. Therefore, at a higher temperature of 900°C, tensile tests were conducted with specimens additionally aged for different times over the solution treatment time.
The time dependence of the particle spacing at 900°C used in the calculations of the stressstrain curves was assessed on the basis of recent microstructural analysis /14/. Figure 3 illustrates the corresponding time dependence of particle spacing for longer times which was used in the calculations for 900°C . Figure 5 compares the experimental "quasi" steady state stresses at 6% strain with the calculated ones for the aged material. The term "quasi" is used to distinguish formally the stresses at a set strain, either observed in the experiments or calculated using the model, which are influenced by particle hardening from the steady state stresses which are characterised by the properties of the matrix only and are independent of the evolution kinetics of the carbides (see equation (8)). For the calculation of both the solution treated and the aged material the same set of parameters had to be identified by simultaneous fitting of the experimental curves: m=18,
Discussion
A comparison between experimental data and calculations reveals reasonable qualitative agreement over a range of three decades in applied strain rate. Deviations can be explained either by model simplifications used or by inaccuracies of the experimental piocedure for Vol. 9, No. I, 1998 Constitutive Modelling of the Deformation Behaviour of a Precipitation Hardened High Temperature Alloy determining the time dependence of the carbide spacing. In particular, the calculated stressstrain curves for lower applied strain rates yield larger transient strains compared to the experimental data whereas at higher strain rates the transient strains tend to be too small.
Simplifying assumptions concerning the self-organisation of dislocations during deformation /10/ or the evolution of the carbide structure /13, 14/ can produce such systematic deviations in the transient behaviour.
Deviations of the calculated quasi steady state stresses at higher strains should be considered against the background of different heating times the specimens were exposed to before testing. Even differences of about 2h in the heating period prior to testing cause changes in the initial condition of the carbide structure. As mentioned above, the model calculations did not take different heating times into account in a precise way.
An interesting feature of the extended model is its ability to account for the effect of aging on the tensile behaviour. For the material under consideration aging leads to a tendency to lower quasi steady state stresses. This tendency is due to continued ripening processes causing an increase in particle spacing. The effect is expected to be pronounced for longer aging times than those of 3000h which could be performed in this work. Apart from the experimental scatter the tendency to lower quasi steady state stresses predicted by model calculations matches the range of the experimental data.
Summary
The unified constitutive model due to Kocks, Mecking and Estrin was extended to incorporate 
